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By Donald C . Cheatham, Charles W. hrIathevs, 
and John A. Harper 

A study  and  evaluation  of  interception  attachs  made by an experienced 
pilot flying a Grumman F9F-3 airplane on a nomuanewering target  have  been 
made. The interception runs were miie under vi~wl conditions at subsonic 
speeds and at an altitude  of 30,000 feet.  The  attacks  were of the lead- 
pursuit type and the interceptor p i lo t  lrtfllzed a computing  ty-pe of gun- 
sight. The method used  provides a goad man~ of studying  interceptor 
control  characteristics and their  relationship  to  tactical  situations. 

The  general  control  procedure  employed by the  interceptor  pilot 
during  the runs has been  determined  as a sequence of five  control  phases. 
These  phases  were: (1) positioning  of  interceptor, (2) initial  turn into 
target, (3) transition into --pursuit tracking, (4) lead-pursuit 
tracking, and ( 5 )  breakaw. This sequence of maneuvers is  apparently 
a logical  one  that  could  be apt& to  efficient  automatic  fnterceptor 
control by a system capable of programing maneuvers. 

Several other factors  wbich may be  Fmportant in automatic  control 
of an interceptor  were in evidence  during the tests. In cases  where 
lead-pursuit navigation  is  desired,  it may be  necessary  to  incorporate 
in the  autopilot  tie-in a means for  anticipating the turning  rate (bank 
angle)  required for m o t h  transition in to  tracking. Avoidance of buffet 
regions is important  to the success of interception runs. This avoidance 
of buffeting  is m r e  than a problem of limiting  the  acceleration in that 
the control system  should  be designed BO SB to limit the type of attacks 
to  those for which continuaus  tracking  is  possible  without  the  necessity 
for undesirably  high normal accelerations. Another point  which may have 
automatic-control  implications is that  the  interceptor  pilot in the 
tracking  phase  of the runs g e n e r a l l y  used  coordinated  maneuvers  and 
lFmited  sideslip to low values. Many of the  foregoing  limitations  could 
be  avoided in cases  where  lead-collision navigation is possible.  This 
type of attack  is  feasible anly with armament wfifdh can be fired in 
salvo. - 

. 
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A tactical  evaluation af the  int%$c'ep%ion  runs has indicated  that . 
the  starting  position of the  attack  part of the run is a very  important 
factor in determining  the  effectiveness of an sttack.  The  Simplest  type 
of interceptor  attack  appeared to be  that  initiated from an overtaking - 
encounter in which the flight  paths of the  two  airplanes  were parallel 
but  laterally  separated.  SuccessRil  attscks  were made from f ronta l  and 
perpendicular  encounters but only on runs Fn which  the shrting posftion 
w-as sufficiently  separated from the  target's  flight path,to allow the 
interceptor  pilot to complete hi6 sequence of maneuvers  without needfng 
to  exceed  the  turning and rolling limitations of' the fnterceptor. 

The perpendicular  encounters  were  in  general  the most demanding  with 
regard  to  control  rates,  rates of roll, rates of change of interceptor 
line of sight  to  the  target, and speed  losses. In general,  the maxirmrm 
aileron  control  rates  occurred in the  initial  turn  phase of the  attack, 
the maximum elevator  control  rates  occurred in the  transition  into  the 
tracking phase, and the maxlmu~ rudder  control  rates  occurred in the 
tracking phase. 

Tracking-error  characteristics  are  discussed  and  values of computed 
standard deviation  of  tracking  error are presented for vsriaus  cauibina- 
tions of atmospheric  turbulence and Interceptor  maneuvering  acceleratfon. 
These atandsrd deviatiuns indicate a magnitude of the yaw and pitch  cam- 
ponents of about.9 mils in smooth sFr and slight accelerstfon.  Either 
moderate  turbulence  or  moderate  maneuvering normal acceleration  increased 
the  standard-devfation  values by a factor of about 3, and maneuvering 9 

normal accelerations near the maximum attafnable  increased them by 8 

factor of 4. 

, 

The development  of  techniques for all-weather  radar-guided  bonibbg 
together  with  tremendously  effective  bonibs has made  apparent  the  need for 
a commensurate  defense.  One form of defense  is  the  alrcraft  interceptor, 
and much research is being  directed  toward  the  development of such a 
4-eapon. In order to be effective,  the  Fnterceptor  must be capable of 
all-weather  operation, of Intercepting an aircraft  target in a minFmum 
of time, and 09 efficient  use of airborne  ordnance  with  high  kill  proba- 
bility.  For mch highly denanding performance  specifications,  it  appears 
desirable  to &e the  controlling  element  in  the  interceptor  completely 
automatic. 

Apparatus  necessary  for  accomplishing  autamatically  controlled 
interception  is  being  developed, and the  point has been  reached where 
it is necessary to know what  characteristics should be  incorportated  to 
provide  successful  operation.  One  approach to the  problem of obtaining 
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I this  information  is  based upon the  belief  that a s t u d y  and  evaluation of 
interception runs d e  by experienced  pilots  under  visual  conditions  at 
s~ibsonic  speeds may provide a basis for determination of the  character- 
istics of efficient  interception  control. Although the contro3-g 
operations of a. h m -  pi&t  executing an interception run under visual 
flight  conditicms  are not w h o l l y  cmpxable to an automatically  controlled 
interception,  it  is  believed  that  the  characteristics  that make one system 
efficient may have  similarity  with  those  that ma.k.!= the other system  effi- 
cient. For this  reason,  it was decided  to  conduct  interception  runs  in 
which a series of relative  orientations of an interceptor and a target 
airplane would be  covered. The interceptor was provided  with  suitable 
instrumentation so that  the  controlling  operations used could  be  studied, 
and ground radar was also  provided to track  the two atrplanes so that 
the  effect of the  tactical  situation  could  be  assessed. 

Since the data obtained in these tests  were  considered  to  be of 
value in their  basic form, the  presentatian  is in the form of time  his- 
tories of the  instru~nent  recordings in the interceptor airplane together 
with  time-correlated  plots of the ground paths of the two airplanes. 

Interceptor  airplane.-  The  airplane  used  a6  the  interceptor  durine; 
.I the  flight  test program was a Gnmnnan F9F-3, Bureau No. 122560, a Navy 

Jet fighter. A description of the airplane  together w i t h  performsnce 
charts  is  presented in reference 1. Figure 1 share a side-view photo- 
graph of the  a2qhn.e. This airplane was equipped wTth a Mark 6 Mod 0 
fire  control  system, but was otherwise mid of the normal ordnance. 
This  control system uses an MK 8 gyroscopically  controlled  lead-computing 
gunsight for lead-pursuit attacks. A lead-pursuit  attack is an attack 
in which the  interceptor flies a path  relative  to  the  target such that 
a projectile fired at a q  point  along  that path will  collide  with  the 
target.  It  should be noted that the ranging element of the fire  control 
system was inaperative during the  flight  tests and the range was  set  at 
a constant  value of 1,000 feet. This resulted in the  sights  computing 
less than  the  required lead angle  at  ranges  greater than 1,000 feet,  and 
more than the required  lead angle st ranges  less than 1,000 feet. How- 
ever,  this  condition  did  not  affect the present elx~~3y since  the  possible 
discrepancies in computed lead angle w o u l d  have a negligible  effect upon 
the  procedures  used by the  Interceptor  pilot  or  the  paths flown by the 
interceptor. 

Standard I'iACA recording instruments  were installed in the F9F-3 to 
record  the fo l lming  quantities:  control-surface  positions,  control 
forces, linear accelerattons  along  the  three body axes9  afrspeed,  pressure 0 
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al t i tude,  angle of attack of fuselage  reference  line, and angle of side- 
s l ip .  A timing c i rcu i t  c o m n  t o  a l l  instruments prodded  instrument 
correlation. Most of the  inetnrment ins ta l la t ion  is shown i n  figure 2. 
Figure 3 shows the nose boom ins ta l la t ion  which provided  measurmnt of 
angle of s idesl ip  and angle of attack, i n  addition to housing an airspeed 
head. A standard 16-millimet- gun camera was installed in the   r ight  w i n g  
position and was operated with the  tr igger provided on the  control  etick. 
A frame counter trace was available on one of the recording  instruments 
to provide a time correlation between instrument  records and  gun-camera 
records. I n  addition, a 16-mi~imeter  Fairchild CG-4 type  gunsight 
camera W&E fnstalled over the sight head t o  photograph the gunsight 
image and a reflected image of the target  airplane and t h w  provide a 
means of analyzing tracking-error data. The CG-4 gunsight camera was 
operated by the same swftch as the  recording  instruments and hence oper- 
ated all the time that the  recording  instruments  operated. It was possi- 
b l e   t o   c o r r e h t e  this camera record with the ins-trument records by equally 
spacbg the individual fi lm f'rames Over the length of the records  taken. 

Target  airplane.- The amlane used as the target  during  the  f l ight 
program was a North American F-5lD, an A i r  Force fighter. No special 
instrumentation was employed in  the F-5U). 

Radar track-  equipment. - A modified SCR 584 radar tracking  unit 
guided by an M - 2  optical  tracking system was used to record  the ground 
paths of the two a i r c ra f t  and t o  provide information on the Kind condi- 
t ions a t  the  operating  altitude by tracking the ascent of  a free balloon. 
This equipment could plot  the position of only one a i r c ra f t  a t  a the, 
so a procedure was used i n  which the radar  tracked  the  target airplane 
before and a f t e r  the attack phase of the  interception rull and tracked 
the interceptor durFng that phase.  This  procedure required an inter-  
polation of the  target  airplane  posit ion during the attack phase of the 
run, but thfs interpolation w&6 feasible  since in these tests the  target 
f l e w  straight-line  courses a t  constant  airspeed. Provisions were nade 
to   obtain a time synchronization between the radar data and the instru- 
ment recordings fn the FgF-3. 

Operational.- It has been assumed for the  present tests that an 
interception is basically a two-part affair .   Par t  I is that required to  
get  the interceptor t o  the location of the t a r g e t   a t  a given initial 
orientation and head- and is normally accomplished by ground control. 
Part I1 is that part  of the interception run covered by the .interceptor's 
a t tack upon the target.  In the present flight program, par t  I of the 
interception run was prearranged by having the two airplanes depart *om 
specified  geographic  points a t  a coordinated time and on such  headings 
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as  were  necessary  to  effect an interception in the  general  vicinity  of 
the  radar  tracking  installation.  Pcart I1 of the interception run began 
at  the  discretion of the interceptor  pilot any time  after  he  sighted  the 
target  aircraft. This part covered  the  remainder of the  interception run. 

Three  basic  classes of interception  runs  were  made.  These are dis- 
tinguished by the  relative  headings of the  two  airplanes  at  the t h e  the 
target  airplane was sighted by the  interceptor  pilot.  The  three  classes 
are: (1) overtaking  encounter,  in  which  the  interceptor  is  overtaking 
the  target on a parallel  course; (2) perpendicular  encounter,  in  which 
the  flight paths of the  two  airplanes  are  initially  at  about a right 
angle;  and (3)  f ronta l  encounter, in which  the  flight paths are  parallel 
but  in  opposite  directions. 

Interception runs were  made on four flights in which instrument 
records  together w i t h  radar  tracking  information  were  obtained. A l l  
runs  were  conducted  at  about 30,oOO feet  pressure  altitude with only 
minor  altitude  differences  between  airplanes.  The  target  airplane  pilot 
was instructed to mintain  a constant  speed  and  heading  throughout  the 
interception run. The  interceptor  airplane was aseigned  various  geo- 
graphic  starting  points  (depending  upon  the  class of run to be  made), 
an approximate  course  for  interception of the target,  and 8 speed  corre- 
sponding to a Mach  number of 0.75. The  interceptor  pilot was instructed 
to  begin  lead-pursuit "pes of attacks  at  his  discretion  after  sighting 
the  target.  It was reqwsted that the target tracking be pursued  to 
minimum safe  ranges  and  to  avoid  use of the  airplane's  airspeed  brakes 
in  order to keep  the  number of variables  to a minimum. 

Atmspheric.-  Flights  were  conducted only on days having  essentially 
cloud-free  skies  and  excellent  visibility.  This was necessary  since  both 
airplanes  were to be optically tracked at considerable  ranges.  The only 
atmospheric  variables  between  flights  that  were  considered  of  significance 
were  the wind conditions  prevailing at operating altitudes and the turbu- 
lence. No measurement WELB made  of  the  air  turbulence  except  that  of a 
qualitative  nature by the  pilots. A brief sumtuary of  atamspheric  condi- 
tions  is  presented In table I. 

PRESENTATION OF DATA 

For the data ELnalysis & composite  time  history of the following 
quantities w a s  made: (1) airspeed, (2) pressure  altitude, ( 3 )  bhch  number, 
(4) three  compolllents of =near acceleration, (5) control-surface  posi- 
tion, ( 6 )  r o u n g  velocity, (7) yaving velocity, (8) pitching  velocity, 
( 9 )  m e  of sidesup, (10) angle of attack of fusehge reference line, 
and (11) pilot  tracking  error  (where  records  were  available).  Except 
for  quantities (l), (2), (3),  and (U), these  variations  represent  tracings 
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of the film recardings of the interceptor s instruments. Items (1) , 
(2), and (3)  represent data reduced from the instrument recordings, and 
item (ll) represents  data aaalyzd from the CG-4 gunsight camera. 

The tracking-error  variation, item (ll), consists of the  pitch and 
y a w  components of tracklng error i n  mils. To determine the inetantaneous 
values of this guantity,  the CG-4 gunsight camera film w a s  prodected, 
f'rame by frame, on a set of Cartesian coordinatee sxch that one coordinate 
w a s  para l le l  with the span axis of the  attacking aircraft and the  origin 
was coincident with the pipper of the gmsfght *e. By measuring the 
coordinates of the assumed aiming point on the target &craft with a 
scale  calibrated in mils f o r  the distance  of  projection used, the two 
components of trackfng error were determined. These time histories are 
presented as the (a) pmts  of figures 4 t o  28 grouped according t o  the 
classifications  discussed i n  the  section  enti t led "Test  Conditions," 
that fs, overtaking, perpendicular, o r  frontal  encounters. As an add& 
tional  indication of the time interval during xhich the interceptor  pilot 
w a s  tracking the  target,  the  period of  operation of the wing @;un camera 
is noted an the time histories as "wing gun camera on." The p i l o t  wa8 
instructed t o  use the gun camera only when tracking. 

In order to  give a m r e  complete picture of  the interception run, 
all the time-history figures  include  the-correlated ground-path plots 
of  the two airphnes during the  interception run. It should be noted 
that the position of the interceptor corresponds to t he   t i p  of the 
arrows, and the portion of the run i n  which the interceptor i s  track- 
i s  denoted by the   soud  triangles. 

A summary of figures 4 t o  28 is presented In table II. It should. 
be noted that only  the tracking-error time history i s  presented i n  fig- 
ures 16 and 17 due t o  diff icul t ies  in reproducing  records of the other 
quantities. 

As further presentation of each of the interception rum presented 
in   the time-history figures , the ground-path plots have been analyzed t o  
obtain  relative  position plots of the two airpLanes with their headings 
corrected for  wind conditions. These plots me presented a6 the (b) and 
(c) parts of figures 4 t o  28. P a r t  (b) of each figure shows the variation, 
coordinated with time, of the position of the  interceptor afrplane rela- 
t ive to the X- and Y-axes of the target airplane. The purpose of these 
plots is twofold: (1) t o  show the flight path  re la t ive  to  the target 
a i rc raf t  which an interceptor  flies  during  typical attacks, and (2) t o  
provide, for the benefft of organizations  interested in boniber-defending 
fire-control systems, a. means of determinfag what range and angular 
velocity  inputs can be expected in R bomber's fire control system for 
the  conditions of  the present t es t s .  Part (c) of each figure is a 
reverse plot  showing the position of the  target amlane relat ive t o  

. 



the interceptor.  The  purpose of these  plots  is  to  present  the run a s  
~een by the  interceptor p i l o t .  Such a plot  indicates the variation of 
the angle between  the  interceptor ' 8  line of sight to the  target and the 
interceptor's  flight  path.  The  plots  also  give an indication of the 
times  during  the run that  the  interceptor  was  tracking  the  target.  The 
airplane,  considered  to  be  at  the  origin  in each Case,  is  heading in 
the  positive X-directim. Corrections in headings  due  to  sideslip  angle, 
bank angle, and angle of attack have not  been  included. 

Overtakiw encounters.-  Tfie  overtaking  encounters,  presented in fig- 
ures & to 8, are  characterized by the  interceptor flying on a course  in 
the  same  direction  and  about  parallel to that  of  the  target  airplane  until 
the  range  closed  to 3,000 or 4,000 yards. The  interceptor  then  turned 
into the  target and as the  target  came  onto  the  sighting  line of the 
interceptor  the  turn was reversed  in  order to permit  tracking.  It  is of 
importance  to  note that for this type of run the  interceptor  pilot had 
the  target amlane in  sight  for a considerable  tlrne  before  initiating 
the  attack  and  chose  the  tlme to attack such that a different  starting 
point  with  respect to relative  orientation md/or range  to  target was 
obtained  for  each  interception run. 

Frontal  encounter.-  The f r o n t a l  encounters,  presented in figures 9 
to 17, were  characterized by the  interceptor and the target  approaching 
each  other on approximately  opposite  courses and the interceptor  either 
attempting a direct  head-on  attack or 831 attack  in  which  the  interceptor 
turned m r e  or less 1800 onto the  tail  region of the  target  airplane. In 
efther  case  the  interceptor  pilot  felt  the  necessiQ of a quick  decision 
as  to  the  type of attack to be  carried  out  and  initiated  hi6  attack 
immediately  after  sighting  the  target. 

Perpendicular  encounters.-  The  perpendicular  encounters,  presented 
in figures 18 to 28, were  characterized by the  interceptor  approaching 
the  projected  flight path of the  target  at  about a right  angle and as 
the  target  passed  in  front of the  interceptor a turn was made  to  track 
the  target. In some cases  it was necessary  far  the  interceptor  to 
maneuver  slightly  at  the  initiation of the  attack  to  make  sure  the  target 
would pass in front of the  interceptor.  There  were also some cases  (see 
figs. 26, 27, and 28) in which  the  interceptor  passed in front of the 
target and then  performed a repositioning maneuver that in effect  led 
to  another  encounter. 
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General  control  procedures.-  The  interceptor runs conducted  during 
the  test program showed  similarity  in  the  general  control  procedure 
employed by the  interceptor  pilot, although the procedure was at  times 
modified by cfrcumstances  peculiar  to  individual runs. The entire pro- 
cedure  starting f r o m  the  position  at  which  the  interceptor  pilot  intti- 
ates  the  attack  consists of five  phases, more or less: (1) positioning 
of interceptor f o r  attack; (2) initid turn i n to  the  target; (3) transi- 
tion  into  lead-pursuit  tracking; (4 ) 1ead-pursui-t  tracking of target; 
and ( 5 )  breakaway.  The  purpose of each  step  used  will  be  discussed in 
more  detail i n  the  following  sections which are  devoted to a description 
of the  control  procedure  used in each  category of run, with  the  interesting 
features and deviations from general  procedure  for the individual mms 
included. 

Overt-  encounter.-  The  essential  features of the  overtaking 
encounters  are sham in f-es 4 and 5. The  purpose of the  initial 
turn phase is  to cause  the  target to traverse a path passing in fYont 
of the  interceptor and to  rapidly  reduce  the  angle  between  the  inter- 
ceptor  pilot's line of sight  to the target and the  interceptor  pilot's 
tracking line. However,  this turn is stopped  short of reducing  this 
angle  to zero in antfcipation  of  the  requirement  that  the airplane must 
be  banked in the  opposite  direction to that  existing  during  the  initfal 
turn  in  order  to  develop  the  turning  rate  necessary  to  track  the  target. 
The  interceptor  pilot  determfnee the posTtion  at  which  to  begin  the  roll- 
out  by judgment and experience SO that  time is afforded to perform this 
rolling  maneuver,  or so that the range  at  which  the  target w i l l  pass i n  
front of the  interceptor is consistemt with  the range at which  he  desires 
to initiate  tracking of the  target.  It was the  interceptor  pilot's 
opinion that  during this rolling  maneuver  the normal acceleration is 
not  necessarily  coordinated w i t h  the bank angle,  but  the  pilot  often 
r o l l s  the  airplane  to  the  approximate  attitude  neceesary to generate 
the  required turning rate  while maintaining a normal acceleration of 
roughly 1 g. As the  tracking  error  -le  approaches  zero, a smooth 
merger of the  line of sight and the tracking line is accomplished by 
the  interceptor  pilot's p U 1 ~  normal acceleration  to  match  the turning 
velocity of the  interceptor  with that required for tracking. This char- 
acteristic of the human pilot of anticipatfng  the bank angle  neceseary 
to  generate  the  required  turning  rate may merit  consideration in choosing 
inputs  to be tied  into  the  autopilot of an automatic  interceptor in that 
simila;r anticfpatorg  characteristics may be  needed. 

In figures 4 and 5 both  run^ were  initiated from a position behind .. 
the  target's  beam  that  allowed  the  interceptor  pflot  ample  time  to  perform 
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. each  phase of the  cantrol procedure. It is  of interest   to   note  that 
wing-gun camera records from the run shown i n  figure 4 indicated that the 
interceptor was banked about 350 to   the left at the start of tracking, 
indicathg  the  anticipation used by the pi lot .  Ln both runs the angle 
of sideslip-vas  controlled within f a l r ly  narrow limits by the  use of 
the rudder. The only notable  difference between these two rct~ls i s  that 
tracking was started a t  considerably longer range i n  the run sham i n  
figure 4. 

Figure 6 presents  the time history of' a run which was in i t ia ted  f r o m  
a position  slightly ahead of  the target ' s  beam. Apparently there was 
insufficient lateral displacement of the fl ight  paths  for a successful 
run despite the ef for t s  of the interceptor  pilot  t o  expedite his control 
procedures. In an ef for t  t o  permit tracking, at normal firing ranges, 
the  Interceptor p i l o t  continued the i n i t i a l  turn u n t i l  the tracking l ine  
closely approached the LFne of sight to   the  target .  This resulted in a 
rapid rate of closure of the angle between these two l ines  and the p i l o t  
attempted t o  perform the t ransi t ion I n t o  the tracking phase by a fast 
reversal of the direction of turn. -ever, the range had closed so 
that the turning velocity  required t o  track the target was greater than 
the  interceptor  could  generate  without  entering the buffet  region  (a  rate 
corresponding to 3g l l o r m ~ ~  acceleration a t  the altitude of the t e s t s ) .  

interceptor   pi lot   to  d e  the initial turn even t ighter  than was used. 
The discreet employment of airspeed  brakes  duriag  the  initfal  turn  phase 
of the attack might also have  been helpful. 

- A possibil i ty  for Wing this ruzl successful would have been f o r  the 

The runs shown in figures 7 and 8 are similar to those shown i n  
figures 4 and 5 except f o r  minor differences in starting position. 

Frontal  encounters.- As previously mentioned for  the  case of frontal 
encounters,  the  hterceptor  pilot a t  the instant of first  sighting the 
target chose e i ther   to  make a direct head-on attack or a 1800 turn i n t o  
a tail chase. If the  choice was a direct  head-on attack,  the f irst  pro- 
cedure of the interceptor  pilot  is t o  maneuver so as t o  l i ne  up the 
flight path of the interceptor with that of the target.  If this posi- 
tioning phase is successful, it places the interceptor i n  a position t o  
begin tracking the target. 

Figure 9 shows a typical frontal encounter in which the interceptor 
p i lo t  attempted t o  make a head-on attack. In  observing  the ground-path 
plot in figure 9, it must be remembered that this p lo t  shows the  resultant 
flight path of  the two airplanes m r  the ground. Because of the w i n d  
direction and velocity,  the  actual  headings of the two sirplanes are 
about 70 of'f their ground paths into t h e   a n d .  For a better indication 
of their   re la t ive headings and paths through the air  mass, reference 
should be =de to figure g(b) .  A t  the initial long range (about 
10,OOO yards) the interceptor  pilot  obviously had trouble  judging the 

- 
.) 

-uL. 
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path of the  target  because  his  first  maneuver  was  to  turn  to  the  right .I 

toward  the  target,  although  such a maneuver would not  help  in  alining 
the  flight  paths  (see fig. g(b ) ) . The  interceptor  pilot  quickly  realized 
his  mistake, so a turn w8s then made  back  to  the  left to get mre closely I 

alined.  However,  the  time  to  complete  this tu rn  was  limited  by  the  high 
closing  speeds,  and  as a result  the  pilot  was  unable  to  line  up  the 
interceptor on the  target's  path. In an effort  to  accomplish  6ome 
tracking,  the  interceptor  pilot  turned  into  the  target  and  attempted a 
transition  into  tracking  at  about 20 seconds.  The  interceptor was unable 
to  generate  the  required  turning  velocity and consequently  the  interceptor 
pilot  could only rake the tracking  line through the  target  as  he  pulled 
the  interceptor into the  buffet  region.  Perhaps a more  succeseful run 
might  have  been  accomplished  if  the  pilot  had  made  the  transition  into 
lead-pursuit  tracking  fmmediately on sighting  the  target.  This  procedure 
was not  investigated,  however. 

Figure 10 shorn a head-on  attack  from a f r o n t a l  encounter in which 
the  interceptor  pilot  did a creditable  job of alining  the  flight  path 
of the  interceptor nith that of the  target.  However,  the  two  airplanes 
had  closed  to  what the interceptor  pilot  considered minimum range  before 
the  tracking line could be  brought  to  bear on the  target,  and a breakaway 
was executed  without  tracking  the  target. 

These two head-on  attacks  show  typical  examples of the  difficulties 
that  confront an interceptor  pilot  attempting  head-on  attacks.  Such 
attacks  would  be more feasible  for a rocket-bearing  interceptor flying 
lead-collision  courses. 

The  second  possible  choice of a 180' t w n  onto  the  tail  region of 
the  target allows a more  straightforward  use of the  general  control pro- 
cedure. In such  attacks  there is normally little  tlme  to adjust t h e  
position of the interceptor  except  by  delaying  the  initial  turn.  The 
interceptor  pilot  apparently  could  judge  quite  adequately  the  position 
at  which  to  initiate this turn. The initial turn w&s varied, as was 
dictated by the range  and  lateral  displacement at the  point of first 
v i m a l  contact, so as to  sccomplish a smoth entry  into a curve of 
pursuit. The  latter  portion  of  the  initial turn may be  modified  to 
serve  the  purpose of controlling  the  range  at  which  the  transition  into 
tracking fs Fnitisted. 

Figures 11, 12, 13, and 14 present  well-executed  attacks from frontal 
encounters  in  which  sufficient  lateral  displacement  existed for the type 
of attack  consisting of  a 1800 turn  onto  the  taxget  tail  region.  The 
only notable  difference in the  four  encounters was the  Lateral  displace- 
ment  at  the  initiation of the  attack  with  the  encounter  shown in fig- 
ure l l  being at  the  greatest  displacement  and  that shown in figure 14 
being  at  the  least  displacement. 
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It is of interest to  note that  two ~ t h o d s  of accoqlishing  the 

transit ion  into the tracking phase were  emgloyed by the interceptor 
p i lo t  on this type of attack. On the runs where Large lateral displace- 
ment of the fnitial flight pa- of the two airplanes existed, he u s u a l l y  
continued  the initial turn   un t i l  the interceptor  tracking line was ahead 
of the  target. The rate of turn was then reduced Ao aUaw the l ine  of 
sight to approach the tracking line for the t ransi t ion into tracking. 
Such a  procedure may be used where it is desired t o  close  rapidly t o  
shorter  ranges  before  tracking is  begun. I n  addition, the e m i t i o n  
into  tracking for the cases where the track- line is ahead of the 
target appears t o  be more easily accomplished by the p i lo t .  Where the 
lateral displacement of the fUght  paths m a  not  large  the  interceptor 
p i lo t  usually accmplished  the  transition  into the tracking phase by 
pulling the tracking line up to the line of sight. 

Figure 15 presents an encounter in which insufficient lateral dis- 
placemnt existed t o  execute a Bucceeeful attack. A t  the start of the 
run,  the  interceptor  pilot a m e n t l y   t r i e d   t o  improve his  posit ion by 
a turn t o  the right t o  open the Lateral range. However, there was 
insufficient time for this turn t o  develop before the Frterceptor  pilot  
had to  reverse the direction  of bank angle and attempt to  turn  onto the 
target; the attemgt was unsuccessful. - 

Perpendicular  encounters.- The control  procedure  involved in  an 
attack from a perpendicular encounter differed from the  others  previously 
described  principally in the  positioning and init-ial turn  phases. As 
the  interceptor approached the flight path of the target  and in i t ia ted  
an  attack there were three courses of action that the interceptor  pilot  
was likely to  take: (1) if  the initial orientation  appeared  satisfactory 
he merely w i t e d   u n t i l  the target approached the tra- line and turned 
as required far the transit ion in to  tracking; o r  (2) if  the initial ori- 
entation did mt appear to allar the  target to  pass  in  front of the inter- 
ceptor a t  an acceptable  range a turn was mde t o m d  the target that 
allowed an ear=- t ransi t ion  into the tracking phase; o r  (3) i f  the 
initial or ien ta t ion  was unfavorable  for a perpendicular  attack a mneuver 
was performed to  place the interceptor in to  position  for  another  encounter. 
The choice of the course of action by the  interceptor  pilot  w s  dependent 
upon the range at  which the target was f i r a t  sighted as w e l l  as the rela- 
t ive th.w the tuu airplanes wouLd cross the intersection of their pro- 
jected flight paths if the interceptor did not maneuver. The range a t  
which the target was first sighted affected the choice of the course of 
action in that If the Fnitial range was great enough the interceptor 
p i lo t  could aajust the relat ive time that the two atrplanes would cross 
the  intersection  of their projected fllght paths if the interceptor did 
not maneuver. 

.I 

An example of a simple turn i n to  tracking f r o m  a perpendicular 
encounter i s  sham in figure 18. However, in this case the p i lo t  had - 



12 NACA RM ~ 5 3 ~ 0 1  

little  choice  as  to  the  course of action due to a late  sighting of the 
target.  The  transition  into the tracking  phase was effected  st  too  great 
a deflection  angle at close  range and was unsuccessfkl  because  the turning- 
velocity  requirements  for  tracking  were  too  great. As a result,  the  inter- 
ceptor  overshot  the  target  flight  path and the  pilot was unable  to  track 
until a tail-chase  position was reached. 

a. 

-les of perpendicular  encounters from which an initial turn 
toward the target was taken  are  shown in figures 19, 20, 21, 22, 23, 24, 
and 25. The  initial turn toward  the  target  is  somewhat s i r d h r  to that 
used in an overtaking  encounter  when  the  starting  position  ie  ahead of 
the  target's  beam  but  transitfon  into  the  tracking  phase  is  more  abrupt 
and  more  difficult  to  accomplish than for  the  overtaking  encounters 
starting  behind  the  beam  position. In the  maJority of these  cases the 
interceptor  pilot's tracking was interrupted  because in an attempt t o  con- 
tinue trackjng the pilot  pulled  the  interceptor up Into a stalled  condi- 
tion  where  severe  buffeting  existed  and  where further normal  acceleration 
could  not  be  developed. In this  situation  the  required  turning  velocity 
for  tracking  became  greater -than that  which  could  be  generated  by  the 
interceptor.  Reference  to  figure 19 shows the  interruption of tracking 
as the normal acceleration  reached a maxFmrrm value  and  then a continua- 
tion of tracking  when  the  interceptor  reached a tail-chase  position  and 
the  required  turning  velocities  for  tracking  were  again low. The run 
presented in figure 21 could probably  have  been  better  handled  by  maneu- 
vering for a reencounter.  The run presented in figure 22 was executed 
without an interruption of trscking,  although  it  was  necessary  that  the 
interceptor  be  held  at  such  high normal acceleration  that  buffeting was 
present  during  the  tracking. 

Figures 26, 27, and 28 present runs in  wbich  the  interceptor was 
early  at the intersection and the  pilot  chose  to  continue  his  course 
until a repositioning  turn  would  put  the  interceptor  into  position  to 
reencounter  the  target. It is of interest to note that in the run shown 
in  figure 26, the  interceptor  pilot  did  not  sight the target  airplane 
after the reposftioning  turn. 

Tracking  Characterietics 

The  tracking-error  variation shorn in the time  histories was analyzed 
to determine  the  standard  deviations of the  tracking-error  components. 
The  interval  during  the  run over which  these standard deviations  were 
computed was chosen  to  exclude  the traneLtion into the tracking phase 
and my breakaway from tracking,  whether  intentional  or  inadvertent. 
These  standard  deviations and time  intervals  are  presented  in  table 111. 

Trackinperror maRnitude.- Since the  target  did  not  perform any 
significant manewere, the magnitude of the tracking-error variation 
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c would appear  to be prhmrily dependent upon five  factors: (1) pilot 
learning  cycle, (2) atmospheric  turbulence, (3)  manewering normal accel- 
eration of the  interceptor, (4 ) dynamic  characteristics of the inter- 
ceptor, and (3) dynamic  characteristics of the gunsight. TIE last two 
factors-  were  not  studied  except by noting  that  the  lateral  oscillations 
of the  interceptor  were poorly damped  and  that f r o m  an  observation of 
the CG-4 gunsight  camera  records and the w i n g  gun camera records  the 
sight had a definite smothing effect upon the  apparent  movement of the 
gunsight image with  respect  to the target. 

The  effect of pilot learning cycle on the  tracking-error  Icagnitude 
was believed to be  negligible in the  test  flights  because the interceptor 
pilot was experienced in making lead-pursuit tracking ru118. 

The  tracking-error  magnitude  attributable  to the factors of a d s -  
pheric  turbulence and interceptor  maneuvering normal acceleration was 
not  assessed  because  these  factors were not varied independently. Em- 
ever, by grouping the runs, or parts of the rum, according  to  the  degree 
of turbulence or magnitude of acceleration, a qualitative  analysis  is 
possible.  The  average  standard  deviation of tracking  error in mils of 
these  groups  is RS follows: 

Normal acceleration, 
g u n i t s  

0 to + 
$ to 2 

+ +  

2 to 2- 3 
4 

T No turbulence 
Pitch, 

m i l a  

1.8 

c 
- 

+ 

Slight 
turbulence 

Pitch, 
mils 

1.8 

5-8 

4.9 

T Moderate 
turbulence 

Yaw, 
mils 

Pitch, 
DlilS 

These  average  standard  deviations of tracking  error  should  be  viewed 
xLth some caution  sfnce  the d a t a  available  were  not  extensive and the 
groupings  were of necessity  samarhat  arbitrery. Also other  factors 
(such as range  and  rate of change of acceleration)  which may have an 
appreciable  effect upon tracking  error  were  varied  during  the runs 
analyzed.  The  indications  are,  however,  that  turbulence  is a primary 
cause of tracking error only when  the normal acceleration is low and, 
for the  test airplane, affects  the  yawing  ccmponent much mre than the - - 

- 



pitching  component. Also there was a roughly  linear  increase in tracking 
error with increasing normal acceleration.  Qualitatively,  it  appears 

that  moderate  turbulence or moderate normal acceleration (\k to 2g) 
increased  the  magnitude of tracking-error cmponents from'that in S&O* 

air by a factor of about 3, and that  moderate  turbulence  colnbined with 

high  acceleration ( over 2$) increased  the  tracking-error  components  by a 
factor of about 4. 

Frequency  content  of  tracking  errors. - In a study of  tracking 
errors  the  frequency  content of these  errors is of value in pointing 
out  the  source of these  errors.  Therefore,  the  frequency  content of 
some of the  tracking-error  variations  shown in figures 4 ta 28 were 
determined  through  use of a harmonic  analyzer of the  Dent-Draper  Model, 
R o l l i n g  Sphere m e  (ref. 2). A typical result is presented in figure 29 
which  presents an analyais of the  part of the  tracking-erroP  variation 
in  figure 22 between 17.5 and 31.5 seconds.  The  general  result  obtained 
from all of the  analyzed  variations is that  high  harmonic  content  existed 
at two distinct  ranges of frequency,  one of which is about  the  frequency 
of  the  interceptor  lateral  oscillation. The lateral  oscillation  apparently 
affects  both  the yaw and pitch  ccmrponents of the  track-  error  due to 
the  cross-coupling  that  is  present in the  motions of the  airplane due - 
primarily  to  gyroscopic  effects of the engwe. During portions of the 
runs where low values of normal acceleration  were  recorded  the  effect of 
the  lateral  oscillation was much greater on the yaw coqonent than on 
the  pitch  component;  however,  whenever  moderate nom1 accelerations 
were  recorded  the  pitch  component was also strongly affected.  The  other 
frequency is of a lower  order and varies samewhat for  different  runs, 
being on the  average  about 1/8 cycle  per  second. In addition  to  these 

- 
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frequencies, a third frequency ie  present in the  pitch  component of 
tracking  error  when  the  airplane  is  experiencing  heavy  buffeting, 

is  about $) cycles  per  second. 
Trackiw control  procedures. - One of the  principal  objectives of 
present  study wm to  determine  the  control  procedures  used  by  the 

pilot in his attempt  to  keep  the  tracking  error-  to a minimum. Only two 
runs (presented in figs. 4 and 5) were  -de in which  conditions  were 
such  a6 to permit a rough analysis of this factor. In both these fig- 
ures  the  tracking-error  variation shows apprecfable  magnitude, and it 
is possible  to  pick  out  the  control  response  to this miation since 
the  control  requirements from other  sources is thought to be negligible. 
As may be seen in these figures, the  aileron and rudder  controls  are 
applied in a l o g i c a l  direction to reduce  the a z i m t h  component of the 
error d, since  the  sideslip  angle remains at a low value,  the indi- 
cation is that  the  controls  were  applied in a coordinated  Manner.  Because 



- of the small amount of data, no attempt has been made t o  analyze such 
factors  as the phase angle and amplitude  relationship between the con- 
t r o l  movements and the  tracking  error. 

The data obtained fram the  present  tests indicate that the control 
procedures used by the  interceptor  pflot  during the tracking phase of 
his  attack w i l l  be a difficult factor t o  detect because of the inherent 
complexities involved when tracking on a lead-pursuit ty-pe of attack. 
There are  three primary Bources of the  tracking er ror  w h i c h  stimulates 
the  interceptor  pilot   to manipulate his controls during an attack: 
(1) the  general  control of the attack  requires  continuous  control manipu- 
la t ion since a  lead-pursuit  attack usually calls far a  continuous change 
of normal acceleration which would be coupled w i t h  t r i m  o r  speed  changes; 
(2) the  tracking  errors that arise require  corrective  control  applica- 
t ions;  and (3 )  extraneous  disturbance such as rough-air guts require 
corrective  conlzol  applications. These three factors are closely  inter- 
related so that the  control  manipulation i n  responae to one source of 
error tends to mask those  required by the other sources. 

EWect of Interceptor Turning Capabilities 

As was evidenced f n  several of the runs discussed in  the  section 
"hterceptor contrd m a c t e r i s t i c s , "  there i s  a reg ion   reh t ive   to  a 
target  airplane #ithFn which an interceptor  airplane would be  unable t o  
generate the turning  velocity  required  to  track the target. Reference 3 
presents  equations frm which the boundary of this region can be  calcu- 
lated. The range of this boundary r e h t i v e  to the  target is sham t o  
be a function of (1) target speed, (2) attacking d rp lane  speed, (3) pro- 
j e c t i l e  speed, (4) maximum attainable normal acceleration of the sttacking 
am-, and (3)  attacking m e  relative t o  the target .   me complete 
equation  includes  terms that are a result of the variation of the lead 
angle with the attacking  angle. In the present test conditions  the con- 
tribution of the lead-angle terms is smell and for practical  purposes 
may be  neglected. The result ing boundary on either side of the target 
is described by a circle.  

Under the conditions of  the present flight tests the interceptor 
began buffeting a t  about 3.Og and acceleration peaks were recorded as 
high as 3 . 9 .  An inepection of runs such as shown in figure 22 indi- 
cated that the maximum average normal acceleration  utilized by the inter-  
ceptor was about 3.48. Using this value of normal acceleration Fn the 
formula from reference 3 gives  a  circular  region  relative  to  the  target 
a m l a s e  having  a diameter of 1400 yards. 

These circles  which represent the hvulner8bl.e attack  region are 
plotted on the (b) parts of figures 4 t o  28. A close examination will 
show that these circles  are substantiated Fn every figure since a t  no - 
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time  is  the  interceptor  tracking a e n  it  is  in  the  calculated  invulner- (. 

able  region  relative  to  the  target. On several runs there  is  close  agree- 
ment  between  the  time  at  which  tracking  of  the  target  was  interrupted 
(as shown in the (a) parts of figs. 19, 23, and 24) and the  time  at  which L 

the  interceptor  entered  the  invulnerable  attack  region  (as shown in  the 
(b ) parts  of figs. 19, 23, and 24 } . 

Data  Signfficant  to  Design of Interceptor  Control Systems 

The tlme  histories of the  interception runs include  several  factors 
that a r e  of possible  significance  to  designers of interceptor  control 
systems. In order to tabulate  the  data  pertinent  to  these  factors, the 
interception m s  were  divided  Fnto the various  phases of attack,  as 
previously  discussed.  For  the met part a logical  diVision of these 
attack  phases was apparent  although some overlapping was often present. 
No attempt was made to discriminate  between  positioning and initial  turn 
phases, and data falling within  these  phases  were  credited to the lnf t fa l  
turn phase.  For  bterception m s  such a8 the  perpendicular runs pre- 
sented in figures 19, 23, and 24, the  portion of the  attack  immediately 
following the  initial  interruption of tracking  was  arbitrarily  classified 
as being part of the transition  Into  tracking  phase. The factors'analyzed 
include  the folLLowing: 

Control  rates:  Table N presents a wumma~y of the maxFrmnn control 
rates  analyzed  for the left  aileron,  rudder, and elevator  of  the inter- - 
ceptor airplane for each  class of attack. 

Control  deflections:  Table V presents a mmmary of the plaxirmrm 
control-surface deflections for the  ailerons,  rudder, and elevator of 
the  interceptor  airplane from the  level-flight t r i m  position  that  existed 
at  the  start of the runs. These t r i m  positions  were  about  the same for 
all runs and were : totd aileron  deflection  equals 0. Oo, rudder  deflec- 
tion  equals 0.9 left, and elevator  deflection  equals 0.6' down. 

Control  force&:  Table Vr presents a summary of the maxFnnrm control- 
stick and rudder-pedal  forces a n a l y z e d  for  each  8ttaCk  phase. 

Rate  of  roll:  Table VTI presents a sumnary of the  maximum  rolling 
angular velocities  recorded  for  each atkck phase. 

Rate of change of interceptor  line of sight:  Table VI11 presents 
a summary of  the ' rates of change of the  fnterceptor's  line  of 
sight  during  successRzl  Interception runs. The table excludes  those 
frontal  encounters  which  resulted in head-on  attacks  (figs. 9 and 10) 
and other  encounters in which the interceptor  passed  the  target  at  close 
range  without  effecting any steady  tracking (figs. 6 and 21). 
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Interceptor  speed  losses:  Table IX presents a summary of  the maximum 
speed  losses  occurring  during  each of the  interception runs. These data 
apply  to  the  over-all run rather  than  to a particular  phase. 

The data presented in tables 7N to M indicate  several  character- 
istics of the  interceptor  pilot's  control  operation and the  resulting 
interception runs that  are worthy of  note. 

General.- From practically all aspects,  the  perpendicular  type of 
encounter was the most  demanding with the exception of the  frontal 
encounters  resulting  in  head-on  attacks.  Higher  control  rates,  deflec- 
t ions,  and farces  were  applied and higher rolling  rates  were used f o r  
the  perpendicular  encounter;  in  addition,  the  rate of change of  the 
interceptor line of sight  to  the  target  and  airspeed  losses  were  greater. 
These  observations  apply  particularly  during  the  phases  before  actual 
tracking  of  the  target was established.  The  overtaking  class of encounter 
was by  far  the least eing from the  standpoint of most of the char- 
acteristics  tabulated. 

Aileron  control.- During all classes of encmters the interceptor 
pilot  moved  the  ailerons  at  appreciably  higher  rates in the  initial  turn 
phase  than  in  the  other  attack  phases  (see  table IV). The  highest maximum 
rates i n  the  initial turn and transition into traching  phase  occurred 
during  perpendirmlar  encounters;  the maxixum rates-during  overtaking 
encounters were  relatively much lower  in  these  phases. The maximum 
aileron  deflections and rates of roll  were only moderate  compared  to  the 
capabilities of the  airplane.  These  rates  were only about half of  the 
values  available  (see  tables V and VII). Since  the FgF-3 airplane has 
aileron  boost,  the  control  farces  were  very  light  (table VI) and were 
not  the  limiting  factor on rolling  performance.  Evidently,  the maximum 
roll  rate of somewhat  over 1 radian  per  second was considered  by  the 
pilot to be  the  highest which afforded  precise  control of roll  attitude 
since in several instances  higher  rates w o u l d  have  been  advantageous  in 
performing  transition  into  tracking. 

Rudder  control.- The mxlmum rudder  deflections  were always small 
and  varied only slightly  between  the  different  attack  phases and classes 
of encounters  (table V). The pedal  forces  were @te heavy and there- 
fore may have  been a limiting fador in the use of the  rudder.  It  is 
significant that the rate of rudder  deflection  was  generally  higher in 
the tracking  phase  indicating  that  the  pilot was attempting to make  more 
precise use of this control in that  phase. 

Elevator  control.- As with the  other  controls  the  elevator  control 
effectfveness was more  than  adequate.  The  elevator  control  forces  were 
moderately  heavy.  !Be  highest  elevator  rates and deflections  occurred 
in  the  transition  into tracking phase although relatively  high  rates 
also  occurred in +h initial turn phase of perpendicular  encounters and - 
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relatively  high  deflections  occurred in the  tracking  phase.  Much  lower 
elevator  rates,  deflections, and forces  were  used  in  the  overtaking 
encounters  than  in  the  other  types. The limitlng  factor in regard  to 
the  magnitude of elevator  deflection and farce was the  onset of airplane 
buffeting. 

Evaluations  Applied  to  Automatic  Control  Apparatus 

The  evaluation of interception runs made  for the present  study  indi- 
cates some characteristics  that  would  be  desirable  to  incorporate  in  the 
control  apparatus of an automatic  interceptor  designed  for  lead-pursuit 
attacks. A flight  limftation  that should be  taken  into  account  is  the 
roll  rate and roll  acceleration  capabilities of the  interceptor.  This 
factor  is of importance  because  it  determfnes  the  time  required  to  adjust 
the  turning  velocity  with a resultant  effect  upon  the  flight  distance 
covered  during  certain  phases of the  general  control  procedure and in 
particular  the  ability  to  perform a transition  into  the  tracking  phase. 
Probably  the  most  significant  characteristic  observed  in  the  controlling 
operation of the interceptor  pilot  during  the  flight  tests was the  antici- 
pation of roll angle  needed to generate the required  turnfng  velocity 
for  tracking  the  target  airplane.  This  anticipation  enabled a smooth 
transition  Into the tracking  phase. 

The  entire  sequence of control  operations  employed  by  the  Fnterceptor 
pilot  in  the mafority of interception  encounters,  however,  is  apparently 
a logical  one  that might be  adapted  to  automatic  control  by a system of 
programed  maneuvers. In order t o  use such a controlling  procedure  effi- 
ciently,  the  automatic  control  apparatus  would  have  to be capable of 
discriminating  between  starting  positions on the basis of their  possi- 
bilities  for a successful  attack  and, if advisable,  be  capable of repo- 
sitioning  the  interceptor. This operation was adequately  handled by the 
interceptor  pilot on runs in  which the initial  sighting of the  target 
was  at long range, with the  exception of encounters  that  resulted  in 
head-on  attacks. 

In order to discern  correctly  the  type of attack  needed or possi- 
bility of succes8 of an attack  originating from a given  starting  posi- 
tion, the  interceptor  control  apparatus  should  be  cognizant of certain 
flight  limitations of the  interceptor.  As was noted i n  the  present 
study, the limitation of turning  capability is of prime Lmportance in 
determining  regions  relative  to a target airphne within  which an Inter- 
ceptor  can  track  the  target. It is advantageous f rom this  standpoint 
to  be  able to utilize  the maxhmm turning  capability of the  interceptor; 
however,  doing  this may result in severe  airplane  buffeting.  Since  buf- 
feting has been shown to  result  in loss of tracking  accuracy  as well as 
undesirably  large lossee In airspeed, a need is indicated for b v i n g  an 
automatic  system  limit  attacks  to  those  which  will  avoid  such  conditions. 

I 
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The  present  results  indicate  that  atrspeed  changes, in general,  affect 
the  success of an interceptor  attack  and  therefore  consideration  should 
be  given  to  the  control of airspeed  in m automatic  system. 

Another  point  which may have automatic-control  implications  is  that 
the  interceptor  pilot  in the tracking  phase of the rull generally used 
coordinated  maneuvers and limited  Bideslip to low values. 

This  study  and  evaluation of human-pilot-controlled  interception 
runs  utilizing  lead-pursuit  navigation  against a nonmaneuvering  airplane 
target has indicated  the following concluding  remarks: 

1. The general control  procedure  employed by the  interceptor  pilot 
during  the runs has been  determined  as a sequence of five  control  phases. 
These  phases  were: (1) positioning of interceptor, (2) initial  turn into 
target, (3)  transition  into  lead-pursuit  -tracking, (4) lead  pursuit 
tracking, and (5) breakaway.  This  sequence of cantrol is a logical  one 
that  might  be Apt& to  efficient  automatic  interception  control by a 
system  capable of programing  maneuvers. 

2. The results  indicate  several  factors  which nay be important in 
autmtic control of an interceptor  where  lead-pursuit  navigation is 
desired.  These  factors  include  anticipation  of the turning  rate (bank 
angle)  required for tra- so that s m o t h  transition into the  tracking 
phase can be made, and the m e  of coordinated maneuvers, wherein  the  side- 
slip angle is limited to Inu valuies. 

3. A desirable  feature of automatically  controlled  interceptors 
f ly ing lead-pursuit  courses  would  be an ability  to  discriminate  between 
attack  starting  positions  in  order  to  limit  attack6 to those  that will 
not  require  the  interceptor  to fly at high normal accelerations. In 
cases  where an effective  attack is not  feasible the control  apparatus 
should be capable of repositioning  the  interceptor. 

4. The  tactical  effectiveness of the  runs  investigated mey be 
s m i z e d  88 follows: 

(a) The o v e r " h g  encounters were usually euccess~zl except  for the 
case  w3xre  the  starting  position was forward of the target's  beam. 

(b) Frontal encounters were  unsuccessfuL  when  they  developed  into 
a head-on  attack,  but  were  successful  when  sufficient  separation  existed 
to enable E 1800 turn to be  made  onto  the ta rge t  ' 8  tail  region. 



(c) Some perpendicuhr  encounters  were  successful  but  these  encoun- 
ters  were  quite  critical as to  the  timing of the  attack and the  initial 
separation  between  the  airplanes. 

5.  The  perpendicular  class of encounter was the  most demanding f r o m  
a standpoint of control  rates,  rates  of  roll,  rates of change of inter- 
ceptor  line of sight to  the  target,  and  speed  losses. 

6 .  The  maximum  aileron control  rates  occurred in the  initial t u r n  
attack  phase;  the maximum elevator control rates  occurred  in  the transi- 
tion  into  tracking  phase; and the maximum rudder  control  rates  occurred 
in  the  tracking  phase. 

7. Computed  standazd  deviations of tracking  errors,  averaged  to 
present  representative values for various combfaations of atmspheric 
turbulence and interceptor n o m 1  acceleration,  indicate  that in smooth 
air and slight acceleration  the  yaw and pitch  components  were  about 2 mils. 
Either  moderate  turbulehce  or  moderate normal acceleration  increased  the 
standard  deviation  values  by a factor of about 3, and normal accelera- 
tions  near  the maxirmrm attainable  increased  them by a factor of 4. In 
general,  the y a w i n g  component was more  affected  by  turbulence than the 
pitch  component. 

8. A harmonic analysis of some of the  tracking-error variations 
indicates  that  the  pitch and y-aw components  are  composed of tw-o pre- 
dominant frequencies.  One of these  frequencies 1s about 1/2 cycle  per 
second  (corresponding  to  the  interceptor  lateral  oscillation  frequency) 
and  the  other is lower, sveragfng about l/8 cycle  per second. When 
in the  buffeting region, the pitch  component also c o n t m d  a frequency 

cycles  per  second. 

9. Consistent  agreement  existed  between  the  relative positions at 
which the interceptor was unable  to  track  the  target and these  positions 
as  predicted from the equations  presented in Ballistic  Research  Laboratory 
Memorandum Report No. 462. 

Langley  Aeronautical  Laboratory, 
National Advisory Committee f o r  Aeronautics, 

Langley  Field, Va., May 14, 1953. 
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1. Anon: Pilot's Handbook for Navy Model6 P9F-2, -3 A3rcraft. 
AN 01-8m-1, U. S. A i r  Force and Bur. Aero., July 1, 1951. 

2. Magrath, Howard A.: AMC Ehmmnic Analyzers, Rolling Sphere Type; 
Ins t ruc t ions  for Operation,  Maintenance and Shipment. M e m o .  Rep. 
No. McRMA5/HAM/rah, A i r  Materiel Cammssd, Ehg. Div., U. S. A i r  
Force, Dec. 20, 198. 

3. Weiss, Herbert K., and SteFn, Arthur: Airplane Vulnerability and 
Overal1A.rmmen-t Effectiveness. Mem. Rep. Ho. 462, Ballistic 
Research Lab., Aberdeen €"wing Ground, May 21, 1947. 
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F l i g h t  

- NACA RM ~ 5 3 ~ 0 1  

TABLE I.- SUMMARY OF ATMOSPHERIC CONDITIONS 

Visibility Sky  coverage 

Ekcellent 

Clear Ekcellent 

Clear Excellent 

Clear Ekcellent 

C h a r  

Turbulence Wind 

Slight 22 knots/2970 

None 

62 knota/j200 Moderate 

55  -ts/259O 

Slight 82.5  kn0ts/262~ 

-i@v 



TABLF: 11.- SUMMARY OF mcouNTms 

CG-4 gunsight 
records camera records 

Wing-gun-canaera Five 

Overtaking encounters 

1 Yes No 
8 4 Yes Yes 

Frontal encounters 

9 Yes Yes 3 
10 

Yes No 4 13 
Yes Yes 3 12 
No NO 2 11 
NO No 4 

Yes NO 4 14 
15 3 Yes No 
16 2 Yes 

Yes Yes 2 17 
Yes 

Perpendicular encounters 

18 

2 26 
2 25 
4 24 
3 23 
3 22 
3 21 
4 20 
3 19 
2 

27 2 
28 3 

No 
Yes  Yes 
No 

Yes Yes 
No No 
No No 
NO No 
Yes Yes 
Yes  Yes 
Yes Yes 
Yes Yes 
NO No 
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Standard Standard 
Figure Time interval, 

i n  pitch,  in yaw, sec 
deviation deviation 

mils mils 

I Overtaking encounter I 
4 

2.0 2.6 20.0 to 41.5 8 
2.1 4.6 14.4 to 38.0 7 
4.3 7 -  0 26.9 to 39.6 5 
2.6 5.6 23.1 t o  41.6 

Frontal encounter 

12 
113. o to 137.0 16 

2.2 6.7 22.2 to 51.6 

0.9 1.7 60.4 to 89.2 17 
2.4 2.6 

Perpendfcular encounter 

10.4 to 17.9 
38.2 to 47.4 
17.7 to 50.8 
10.1 to 19.8 

43.3 to 70.0 
34.6 to 45.7 

10.7 
4.1 
6.9 
8.1 
6.1 
4.4 



Phase 

Initial turn 

P a n s  it ion 

I Tracking 

Control 

Left aileron 
R u d d e r  
Elevator 

Left aileron 
Rudder 
Elevator 

Left aileron 
Rudder 
Elevator 

Left aileron 
R u d d e r  
Elevator 

Overtalring 
encounter 

25 
ll 

8 

22 
11 
7 

18 
15 

5 

14 
8 
10 

um control rates, 
eg/sec, for - 

- 

Frontal  Perpendicular 
encounter  encounter 

45 

22 6 
11 8 
5 

15 45 
I 2  39 
23 32 

14 14 1 
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Phase 

Initial turn 

Trans it ion 

Track- 

Breakaway 

- 
TABLE V. - MAXIMUM CONTROL DEFLECTIOMS 

NACA FBI L53E01 

Control 

Total aileron 
Rudder 
Elevator 

btal aileron 
Rudder 
Elevator 

rota1 aileron 
Rudder 
Elevator 

rotd ai leron 
Rudder 

Elevator 

Maximum control  deflections,  deg,  for - 
Overtakhg 

encounter  encounter  encounter 
Perpendicular Frontal 

15.9 

3.9 7.0 2.8 
1.4 1.2 2.1 
16.1 19.9 

6-9  

11.8 9.7 2.0 
4.3  3.5 2 * 3  
15- 9 7.5 

3.8 14.5 10.8 
1.7 3.1 

8.8 9.0 1.8 
2.9 

11.2 11.5 9- 1 
1.0 7.4 1.9 
1.2(a0~n) 1.6(dm) 3.1 

v 



. 

I 
I Phase 

In i t i a l   t u rn  

Transition 

eacki43 

Breakmay 

I Maximum control  forces, lb, for  - I 

encounter 

12 right 12 right 8 right Aileron 

e n C O U n t E C  encounter 

Rudder pedals 
27 pull 55 pull 31 pull Elevator 
47 l e f t  63 right 47 right 

Aileron 

24 p u l l  Elevator 
60 right M d e r  pedals 
7 r” t  

Aileron 

15 push E l e v a t o r  
53 right Rudder pedals 
4 right 

Aileron 

20 push Elevator 
9 r igh t  Rudder pedals 
6 right I 65 l e f t  

3 lef t  
63 right I 
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Phase 

MEUK~IIILXD rates of roll, radfane/sec, 
for - 

Overtaking 
encounter encounter 

Perpendicular Frontal 
encounter 

1- 35 

- 65 
1.38 1-23 

74 1.02 37 

1.38 67 

1.05 1.00 1.08 

~ - - . y C p ”  

TA.BlX V I I I .  - “UM WTE OF CHAN13E OF I N T E R C m  

LIME OF SIGHT TO W G E 2  

mLase 

Initial tu rn  

Trans i t ion 

Tracking 

Maximum rate of change of interceptor 
line of sight to target, &g/sec, for - 
Overtaking Frontal Perpendicular 
encounter encounter  encounter 1 I 

6 

14 6 4 

14 4 

3 9 0 



I Figure I Maximum speed loss ,  mph I Percent lOS6 1 

4 2.9 
19 3.8 
40 7.7 

7 9 1.8 
8 22 4.2 

65 

Frontal  encounter 

9 
43 10 

6.4 33 

16.0 81 15 
17.2 89 14 
7.5 39 13 
5-7 29 12 
1.4 7 ll 
8.3 

I Perpendicular encounter 1 l B  
27 
28 

41 
97 
117 

7.9 
18.9 
21.9 
3.5 
12.3 
27.3 
21.5 
4.8 
25.1 
12.8 
15.3 
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Figure 1.- Grumman F9F-3 airplane. 

. .. 
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Figure 2.- Instnnnent  Lnstallatlm in nose cmpartment of Grunrman 
F9F-3 airplane. 
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(a) Time history of varlou13 quastlties pertaining to the hterceptar 
air-plane. Also the ground p lo t  of the two -lanes recorded by 
radar trEtcking. 

c 

Figure 4 .- Interceptor Rlrplane  attacking tar& airplane from an 
overtaking  encounter. 



3 

Xdisfance, yds 

(b) Position o f  interceptor   re la t ive t o  target (c)  Posit ion of target r e l a t ive  t o  interceptor 
airplane.  Target airplane is located at origin airplane. Interceptor airplane is located 
and is heading i n  +X-direction.  Interceptor a t  origin and is heading Fn i-X-direction. 
position corresponds t o   t i p  of mow8 and T a r g e t  position corresponds t o  t i p  of arrows 
elnpsed  time in seconds fram s t a r t  of run is ana elapsed  time i n  seconds frm etart o f  
indicated  beside each m o w .  run is indicated beside each arrow. 

Figure 4.- conchded. 

L L 

. .   . .  
.. .. .. . . . -  
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(a) Time history of mious quantities pertaining t o  the interceptar 
airplane. Also the  ground p l o t  of the two F1-irplanes recorded by 
radm trackFng. 

Figure 5 .- Interceptor  airplane  attacking target afrplane f r o m  an 
overtaking  encounter. 
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(b) Position o f  interceptor relative to target (c) Position of target relative to interceptor 
airplane. Target ahplane is located at origin airplane.  Interceptor airplane I s  locatea 
axld is heading In +X-direction.  Interceptor a t  origin and l e  heading in +X-direction. 
poei t ion corresponas t o  t i p  of mown and Target position  corresponds to tip of aplows 
elapsed time in seconds f im start of run is and elapsed tlme in aeconds from s k t  of 
indicated beside each arrow. puxl is indicated beside each arrow. 

. . . . . . . . . , . . . . . . . . . . . . . . . 

Figwe 5.- Concluded. 

I 

. . .. ... . . .  
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(a) Time history of various qusstities pertaining to the interceptor 
airplane. Also the ground plot of the two airplanes recorded by 
radar tracking. 

Figure 6 .- Interceptor airprplane attacking target a-rrplane from an 
overtaking encounter. 



. .  . 
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(b) Posi t ion  of in te rceptor   re la t ive   to   t a rge t  (c)  Positton of target re l a t ive  t o  interceptor 
a i rp lese .  Target airplane is located at origin airplane. Interceptor alrplene I s  located 
and is heading in +X-dtrection.  Interceptor a t  origin and is heading in +X-direction. 
position  corresponds t a t i p  of arrm and Target  position  corresponds t o  t i p  of arrows 
elapsed time in s e c o m  fran start of run is and elapsed time in seconds frm start of 
indicated beside each arrow. PUD. 1s indicated  beside  each m o w .  

- 
Figure 6.- Csncluded.. 

. .... . . . . . . . . 
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(a) Time history of various q u a n t i t i e s   p e r t a i n i n g   t o  the in t e rcep to r  
a i rp lane .  Also the ground plot of the two ahplanes recorded by 
radar tracking. 

Figure 7.- In te rceptor  airplane a t t ack ing  target a h p l a n e  from an 
overtaking  encounter. 
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(b) Position of interceptor r e l a t i v e   t o  target (c) Position of t a r g e t   r e h t i v e  to interceptor 
airplane. Target airplane is located at arigin airplane. Interceptor  airplane is located 
and is heading i n  +X-direction.  Interceptor at  origin and is heading i n  +X-dFrection. 
position  corresponds to t i p  of arrowa and Target posit ion corresponds to t i p  of arrows 
elapsed tinle in seconds from s t a r t  of run IE and elapsed time in seconds from start of 
indicated beside each "ox. run is indicated beside each arroy. 

Figure 7.- Concluded. 

. ... . 

I 

. .. .. . 
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(a) Time history of various quantities pertaining to the interceptor 
airplane. Also the ground plot of the two 8.irpLanes recorded by 
radar txacking. 

41 

Figure 8.- Interceptor airplane attacking target -Lane f r o m  an 
overtaking encounter. 
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(b) Position of in te rceptor   re la t ive   to  target 
airplane.  Target airplane l e  located a t  origin 
and is heading i n  +X-dFrectlon. Interceptor 
position  corresponds t o  t i p  of arrm and 
elapsed tinre i n  seconds frm start of run is 
indicated beside each arrow. 

3 X103 - Y I I 

# '0 

/5 

-0 

Y I I 
J L 

I 0 I 2 3 X IO3 
Xdtsfance, yds 

(c)  Position of target r e h t i v e   t o   i n t e r c e p t o r  
airplane. Interceptor  airplane is located 
a t  origin and is  heding  in +X-dlrection. 
Target position corresponds t o  t i p  of arrows 
and elapaed time lp seconds from start of 
run is indicated  beside ea& wow. 

Figure 8.- Concluded. 

t 

. .  . 
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Figure 9.- Interceptor airplane attacking tmget airplane from a. 
frontal encounter. 



(b) Position o f  interceptor relative to target airplane. Target amlane 
i s  located at  or ig in  and is heading in +X-direction.  Interceptor 
position corresponds t o  tip of arrows and elapsed time in  seconde 
f’rom start o f  run is indicated beside each arrow. 

Figure 9.- Continued. 

4 , 
. . .  . .  . , . . , . . . . . . . . . . . . .. . ..  .. . . 

II 

. . . . . . . .. . . . . . . . .  .. 
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(c) Poaition o f  target relative to interceptor a i r p m e .  Interceptar 
aFrplane ie located at origin and le heading in +X-direction.  Target 
position  curreaponds to tip of arrowB and elapsed t i m  in seconds 
f'rm staft of run le  indicated beside each arrow. 

Figure 9.- Concluded. 
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(a) Time history of various quantities  pertaining t o  the interceptor 
airplane. Also the ground plot of the two airplanes recorded by 
radar tracking. 

Figure 10.- Interceptor airplane attacking  target airplane from a 
fYontaJ- encounter. 
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(b) Posit ion o f  interceptor relative t o  target airplane. Target airplane 
is located at  origin and 1s heading i n  +X-direction.  Interceptor 
position  carresponds t o  tip of arroyB and elapsed time I n  seconds 
f r om start of run is M i c a t e d  beside each m o w .  

Figure 10. - Continued. 
r 
-4 

. .. 
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(e )  ~ o e i t i o n  of t a rge t   re la t ive   to   in te rceptor   a i rp lane .   In te rceptor  
airplane is located a t  origin and I s  heading  In  +X-direction.  Target 
position corresponds to t i p  of a r r o w s  and elapsed tFme i n  seconds from 
a t a z t  of run i s  indicated  beside each m o w .  

* Figure 10.- Concluded. 

s L 
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(a) Time history of m i o u s  quantities pertaining t o  the interceptor 
airplane. Also the ground plot of the two a-trplanes  recorded by 
radar tracking. 

Figure ll.- Interceptor airplane attacking target airplane from a 
frontal encounter. 
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(b) Position of interceptor   re la t ive t o  target  airplane.   Target a i rp lane 
is locatad at or ig in  and is heading in +X-direction. Interceptor 
position  carresponds to t i p  of arrows and elapsed time Fn seconds 
f r o m  start of run is indicated beside  each arrow. 

Figure 11 .- Continued. 

. . .  .. . .  . . . .. . .. . .  . 



. .. , - . . 

I 

r- 
&XD3 

7 -  

6 -  

5 -  

4 -  9 
$ 3 -  

2 2 -  

P 
C 

Y 

I -  

O -x 

f -  
I 

. 

*. 

'5, 

. . . . . . . . . . . . . . 

1 

(c)   Posi t ion of *get re la t ive   to   in te rceptor  airplane. Interceptm 
airplane i s  located at origin and is heading in +X-direction. Target 
poeltion  corresponds t o  t i p  of m o w s  and elapsed time in eeconds 
f r o m  start o f  m ie indicated beside each arrow. 

Figure U.- Concluded. 
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(a) Time history of va;rious quantities pertaining to the interceptor 
airp-. Also the ground p lo t  of the two airplanes recorded by 
rad= tracking. 

Figure 12. - Interceptor airplane attacking target airplane from a 
frontal  encounter, 
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(b) Position o f  i n t e rcep to r   r e l a t ive   t o  target airplane. Target airplane 
i s  located at origin and is  heading i n  +X-dlrection. Interceptor 
position  corresponds t o   t i p  of -OWE and elapsed time in seconds 
from start o f  run is indicated besiae each m o w .  

I 

Figure 12.- Continued. 



3 

i 

J 0 / 2 3 4 5 G 7 
X-dls fance, yds 

( c )  Poaition OP t a r g e t  r e l a t ive  t o  interceptor s i r p h e .  Interceptor 
alrplane I s  located at  a r l g i n  and I s  heeding i n  +X-direction. Target 
position corresponds t o  t i p  o f  arrows and elapsed time in seconds f r a m  
start of run is i nd ica ted  beeide eech arrow. 

Figure 12.- Concluded. 
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(b) Position of interceptor relative to target ( c )  ~oeiticm of *get rehtive to interceptor 
airplane.  Target amlane is located at CrrlgFn alrplane. lnterceptm  ahplane i s  located 
.xrd irr heading in +X-dlrection. Interceptor at origin and is heading i n  +X-Wrectim. 
posltion corresponds t o  t i p  of maws and Target  position corresponds to tip of e.rrow6 
elapsed time in seconds Frm s t a r t  o f  run is and elapeed  time in seconds from start of 
indicated beside each arrow. run is Fnaicated beside each arrow. 

Figure 13.- Concluded. 
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(a) Time history of varFaus qumtlties pertaining t o  the interceptor 
airplane. Also the ground p l o t  of two 8ArgLanes recorded by 
radar tracklng. 

Figure 14.- Interceptor -Lane attacking tazget airplane from a 
f ron ta l  encounter. 
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(b) Posltion o f  interceptor r e l a t i v e   t o  target (c )  Position of ta rge t   re la t ive   to   in te rceptor  
airplane.  Target  airplane I s  located at  ar igin airplane. Interceptor  alrplane is  located 
and is heading in +X-dIrectlon. Interceptor a t  origin and is heading Fn +X-dhection. 
position  corresponds t o   t i p  of arruws and Target poei t ion corresponds t o  t i p  o f  arrows 
elapsed  time i n  seconds from start of run  is and elapsed t h e  Fn seconds frm start of 
indicated beside each arrow. run is indicated beside each mow. 

Figure 14:. - Concluded. 
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(a) Time history of miaus quantities pe r t a fn ing  t o  the interceptor 
airplane. Also t he  ground plot  of the two airplanes recorded by 
radar tracking. 

Figure 15 .- I n t e r c q t o r  airplane a t t ack ing  target airplane from a 
frontal encounter. 
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(b) Position of in te rceptor   re la t ive   to  target airplane.  Target  airplane 
is located at origin and is heading in +X-direction,  Interceptor 
position  corresponds t o   t i p  of arrows and elapsed  time i n  seconds 
from start of run is Mlcated   bes ide  each arrow. 

Figure 15.- Continued. 

. . 



r- 

. . . . . . . . 

3 2x10 _I 

I 

0 

/ 

2 
2 

-X 

I 0 

. . . . . - . . . . . . . . . . . . . . . . , , . . . . . . . . . . . . . . . 

I I I I I 

I F ?  

5" 

'"\ 0 +% 
h 

I 
Xdlsfance, yds 

3 4 5 

(c) Position of target  relative to interceptor airplane. Interceptor 
airplane is located  at  origin and is heading In +X-direction. Target 
position  corresponds  to  tip of arrows and elapsed  time in seconds f r o m  
start of run is Indicated  beside  each arrow. 

6 X 10" 

Figure 12 .- Concluded. 
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(a) T i m  history of tracking-error  variation recarded i n  the  interceptor 
aFrpLane. A l s o  the ground plot of the two airplanes recorded by 
radar tracking. 

Figure 16.- Interceptor airplane attacking target sirplane from a 
f ron ta l  encounter. 
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(b )  Position of in te rceptor   re la t ive   to   t a rge t  airplane. Target  airplane 
i B  located at origin and is heading in +X-direction.  Interceptor 
position  corresponds t o  t i p  of arrows and elapsed time in seconds 
from start of run is  indicated  beside each m o w .  
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(c)  Position of tmget  relative t o  interceptor a t r p u e .  Interceptor 
airplane is located at origin Etnd ie heding in +X-direction. Target 
position corresponds t o  t i p  of arrows and elapsed the in seconds 
f'rom eta&, of run i s  indicated  beside each m o w .  

Figure 16.- Concluded. 
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(a) Time history of tracking-error  variation recorded i n  the interceptor 
aFrplane. Also the ground plot of t b  two amlanes recorded by 
radar tracking. 

Flgure 17.- Interceptor  airplane  attacking  target  alrplane from a 
frontal encounter. 

.. . 
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(b) Position of interceptor  relative t o  target  airplane. Target  airplane 
is located at origin and is heading in +X-direction.  Interceptor 
position corresponds t o   t i p  of.arrows and elapsed time i n  seconds 
from start of run is  indicated  beside each arrow. 

. 

Figure 17.- Continued. 
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(c) Position o f  target relative to interceptor a i r p h e .  Interceptor 
airplane i s  located at origin and I s  heading in +X-direction. Target 
position  corresponds to tip of axrows and elapsed time in seconds from 
s t a r t  of run is indicated beeide each arrow. 

Flgure 17.- Concluded. 
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(a )  Time history of vaziaus quantities pertaining to the interceptor 
atrglane. Also the ground p l o t  of the two airplanes recorded by 
rad= tracking. 

Figure 18.- Interceptor airplane attacking  target  airplane f rom a 
perpendicular encounter. 
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(b)  Posit ion of in tmceptor   re la t ive   to   t a rge t  (c)  Posit ion o f  target re l a t ive   t o   i n t e rcep to r  
airplane. T a r g e t  airplane is located at or ig in  airplane.  Interceptor  airplane is located 
and is heading i n  +X-direction.  Interceptor a t  origin and i s  heading i n  +X-direction. 
position  corresponds t o  t i p  of arrows and Target position  corresponds t o   t i p  of arrows 
elapsed t h e   i n  seconds f rom start of run is  and elapsed time i n  s e c o m  f r o m  start of 
indicated  beside each m o w .  run ia indicated  beside  each arrow, 

Figure 18.- Concluded. 
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(a) Time history of various quantit ies  pertaining  to the interceptor 
airplane. Also the graund plot  of the two airplanes recorded by 
radar tracking. 

Figure 19.- Interceptor  amlane  attacking  target  airplane from a 
perpendicular  encounter. 
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(IS) Position of interceptor  relrt t ive  to t a r g e t  a i r p w e .  Target ah-phne 
is Located at origin and I s  heading in +X-direction.  Interceptor 
position corresponds to t i p  of m o w s  and elapsed the in seconds *om start of run is indicated beside each m o w .  

Figure 19.- Continued. 
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(c)  Posit ion of t a rge t  relative to   interceptor  airplane. Intercepter 
airplane i s  located a t  origin and i s  heading i n  +X-direction.  Target 
posi t ion  correspods t o  t i p  of arrows and elapsed time In seconds 
f'rm a t a r t  of run I s  indicated beside each arrow. 

Figure 19.- Cmcluded. 
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(a )  Time history of varfous quantities pertafning t o  the interceptor 
airplane. Also the ground plot  of the two amlanes recorded by 
radar tracking. 

Figure 20.- Interceptor air-plane attacking target ah-plane from a 
perpendicular encounter. 
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(b) Position of Interceptor   re la t ive t o  t a rge t  (c)  Position of t a r g e t   r e l a t i v e   t o   b t e r c e p t o r  
airplane.  Target  airplane is located a t  origin alxplane. kterceptor   a i rp lane  is located 
and is  heading Fn +X-direction.  Interceptor a t  origin and I s  heading in +X-airection. 
position corresponds t o  t i p  o f  arrows and Target position corresponds t o  t i p  of arrows 
elapsed tim i n  eeconds f rom start of run is and elapsed t h e  i n  seconds frcnn start of 
indicated  beside  each arrow. 11111 l a  indicated beside each arrow. 

Figure X).- Concluded. 
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(a) Time history of various quantities pertafning to the interceptor 
airplane. Also the grouud plot of the two airplanes recorded by 
radar tracking. 

Figure 21.- In te rceptor   amlane  attacking target airplane From a 
perpendicular encounter. 

75 
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(b)  Position of interceptor relative t o  target airplane.  Target airplane 
i s  located at origin and is heding i n  +X-direction.  Interceptor 
position corresponds t o  t t p  of ezrows and elapsed ttme in seconds 
€Yam start of run is indicated beside each m o v .  

,. Figure 21 .- Continued. 
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(c)  PositIan of *get re lat ive t o  hterceptck Etirphne. Interceptor 
amlane fs located at arfgfn and I s  heading in +X-direction. Target 
position corresponds t o  tip of B;~TCSWS and elapsed time in seconds from 
start of run fs indicated beside each arrow. 

Figure 21.- Concluded. 
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(a) Time history of various quantities p e r t w  to  the  Interceptor 
airplane. Also the ground plot of the two airplanes recorded by 
radar tracking. 

Figure 22.- Interceflor airplane attacking target amlane *om a 
perpendicular encounter. 
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(b) Position of  Interceptor  relative t o  target -lane. Target airplane 
is located at ar igin and is headfng i n  +X-direction.  Interceptor 
position corresponds t o  t i p  of arrows md elapsed time fn seconds 
from start of run is indicated  beside each a r r o w .  

Figure 22.- Continued. 
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( c )  PositLon of target re lat ive  to   interceptor   a i rplane.   Interceptor  
airplane i s  located at origin and is heading Ln +X-directlon.  Target 
posi t ion comespanda t o  t i p  of .snows and elapsed time In seconds from 
start o f  run is indicated  beeide each m o w .  

Figure 22.- Concluded. 
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(a) Time history of various quantities pertaining to the interceptor 
airplane. Also the ground plot of the two akphnes  recorded by 
radar tracking. 

Figure 23 .- Interceptor airplane attacking target airplane from a 
perpendicular encounter. 
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(b) Poeftlon of in te rceptor   reh t ive  to target  airplane.  Target airplane 
i s  located at ar igln and i e  heading i n  +X-direction.  Interceptor 
position  corresponds t o  tip of 8rrows and elapsed time in second8 
from start of run is indicatedbeside each arrow. 

Figure 23.- Continued. 
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(c)  Position of target relative to interceptor  airplane. aterceptar 
airplane is located at origin and iB head- in +X-direction. Target 
position corresponds to tip of axrows and elapsed time in seconds 
f r o m  start of run is indicated beside  each srrov. 

Figure 23.- Concluded. 
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(a) Tine history of various quantities  pertaining t o  the  interceptor 
airplane. Also the ground plot of the two  airplanes recorded by 
radar tracking. 

Figure 24 .- Interceptor airplane attacking target airplane from a 
perpendicular  encounter. 
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(b) Position of interceptor  relative  to  target 
airplaae. Target a m l a n e  is located a t  origin 
and i s  heading in +X-dlrection. Interceptor 
pOSitiOn  corresponds t o   t i p  of ELITOWE and 
elapsed the in seconds from start of m is 
indicated  beside each arrow. 
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(c) Position o f  target  relative  to  Interceptor 
aFrplane.  Interceptor airplane l a  located 
a t  origin and is heading In +X-dbection. 
T a r g e t  position corresponds t o  t i p  of arrows 
ancl elapsed time in  seconds from s t a r t  of 
run is indicated beside each arrow. 
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Figure 2h. - Concluded. 
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(a)  Tirme history of vasious quantities  pertaining  to  the i n t e r c a t o r  

Figure 25.- Interce-ptor airplane attacking target  airplane fYom & 

perpendicukw  encounter. 
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(b) Position of interceptar relative t o   t a r g e t  (a) Position of ta rge t  relative to  interceptor  
airplane.  Target  airplane i s  located a t  origin ab-plane.  Interceptor  airplane is located 
and I s  heading in  +X-direction.  Interceptor a t  origin and i s  heading i n  +X-direction. 
posit ion corresponds t o  t i p  of arrows and Target  position  corresponds t o   t i p  o f  arrow8 
elapsed time in seconds fran s t a r t  of run is  and elapsed time in seconds f rom start o f  
indicated beside each arrow. run la indicated  beside each arrow. 

Figure 25.- Concluded. 
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(a) Time history of various quantities pertaining  to the interceptor 
aiqrplane. Also the ground p l o t  of, the 4x0 airplanes recorded by 
radar tracking. 

Figure 26.- Interceptor amlane   a t tack ing  target airplane from a 
perpendicu3-m encouuter . 
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(b) Position of interceptor   re la t ive t o  target airplane. Target alrplane 
is located at origin and is heading in +X-direction.  Interceptor 
position corresponds t o   t i p  of EUTOWB and elapsed  time in seconds 
from start o f  run is indlcated  beside each arrow. 

Figure 26 .- Continued. 
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( c )  ~ o s i t i o n  of target   reht ive  to   interceptor   a i rplane.   Interceptor  
afrplane is  located a t  origin and is heading in +X-direction.  Tmget 
position corresponds t o  t i p  of  arrows and elapsed time in second8 f r a m  
start of run is indicated beside  each mow. 

t 

Figure 26. - Concluded, 
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(a) Time history of ve;rious quantities pertaining t o  the interceptor 
airplane. Also the ground plot  of the two airplanes  recorded by 
radar tracking. 

Figure 27.- Interceptor airplane attacking  target airplane From a 
perpendicular  encounter. 
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(b) Position of interceptor   rehtfve t o  t m g e t   a m l a n e .  Target  airplane 

is located a t  origin and is heading in +X-direction.  Interceptor 
position corresponds to tip of arrows and elapsed tinre in seconde 
f'rom start of run is indicated beside each arrow. 

Figure 27.- Continued. 
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(c)  Position of t a rge t   re la t ive  t o  interceptor airplane. Interceptor 
airplane is located a t  origln and is heading fn  +X-direction. Tmget 
positfon corresponds t o  t i p  of  arrows and ehpsed the in seconds from 
start of run i s  Indicated  beside each m o w .  

Figure 27. - Concluded. 
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(a) T i m  history of various quantities  pertaining t o  the  interceptor 
airplane. Also the ground plot of the two airplanes  recorded by 
radar tracking. 

Figure 28.- Interceptor  airplane  attacking  target  airplane from a 
perpendicular encounter. 
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(b) Position of interceptor   re la t ive t o  target airplane. Target  airplane 
is located at origin and is heading i n  +X-direction.  Interceptor 
position corresponds t o   t i p  of arrows and elapsed time i n  seconds 
f r o m  s t a r t  o f  run is  indicated beside each arrow. 

Figure 28. - Continued. 
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( c )  Position of target   re la t ive t o  interceptor amme. Interceptor 
airplane is located at origin and is heading i n  +X-direction.  Target 
position  corresponds t o  tip of arrows and elapsed t h e  i n  seconds 
f'rom start of ruzl is indicated beside each arrow. 

Figure 28. - Concluded. 
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Figure 29 .- Frequency content of the yaw a d  pi tch  camponents of the 

tracking error ehown in the interception run preeented in flgure 22. 
Between 17.5 and 3 . 5  seconds. 
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